Vacancy-type defects in as-grown ZnO single crystals have been identified using positron annihilation spectroscopy. The grown-in defects are supposed to be zinc vacancy ͑V Zn ͒-related defects, and can be easily removed by annealing above 600°C. V Zn -related defects are also introduced in ZnO when subjected to 3 MeV electron irradiation with a dose of 5.5ϫ 10 18 cm −2 . Most of these irradiation-induced V Zn are annealed at temperatures below 200°C through recombination with the close interstitials. However, after annealing at around 400°C, secondary defects are generated. A detailed analysis of the Doppler broadening measurements indicates that the irradiation introduced defects and the annealing induced secondary defects belong to different species. It is also found that positron trapping by these two defects has different temperature dependences. The probable candidates for the secondary defects are tentatively discussed in combination with Raman scattering studies. After annealing at 700°C, all the vacancy defects are annealed out. Cathodoluminescence measurements show that V Zn is not related to the visible emission at 2.3 eV in ZnO, but would rather act as nonradiative recombination centers.
I. INTRODUCTION
ZnO is a II-VI compound semiconductor with wide band gap of 3.4 eV and large exciton binding energy of 60 meV. These features enable its potential application in short wavelength light emitting devices. Due to the successful fabrication of large area ZnO single crystals, 1 there is a growing interest in the investigation of this materials in recent years. 2, 3 Among these investigations, study of defects is one of the most important subjects because of the strong influence of these defects on the electrical and optical properties. Due to deviation from the chemical stoichiometry, various defects are introduced inevitably after crystal growth. It is known that the native defects, such as zinc interstitial ͑Zn i ͒ and oxygen vacancy ͑V O ͒, might be the reason for the intrinsic n-type conduction in undoped ZnO. 4, 5 These defects will also compensate acceptors and cause difficulty in producing p-type ZnO. 6 On the other hand, defects may also act as nonradiative recombination centers and degrade the light emission efficiency.
There have been several theoretical investigations on native defects in ZnO, [6] [7] [8] [9] which calculated the formation energy and ionization level of various defects. A variety of experiment methods have also been used to characterize the defects in ZnO, such as electron paramagnetic resonance ͑EPR͒, photoluminescence, cathodoluminescence ͑CL͒, and deep level transient spectroscopy ͑DLTS͒. These methods provided detailed information about defects from different aspects. However, direct discrimination of defects in ZnO is always a difficult problem because of the limitation of these methods. Until now, there are still some fundamental problems in which no clear consensus seems to exist. For example, the EPR signal of g = 1.96 was attributed to oxygen vacancy, 10 but some others argued that the oxygen vacancy signal was at g = 1.99. 11 The green luminescence at about 2.4 eV was correlated with oxygen vacancy by many researchers, [12] [13] [14] [15] but it was also attributed to other defects such as V Zn , 16, 17 Zn i , 18, 19 O Zn , 20, 21 and even Cu impurities. 22 DLTS revealed a major defect level L2 at E c − 0.3 eV in the as-grown ZnO, but the assignment of this level is also rather difficult. 23 Positron annihilation spectroscopy ͑PAS͒ has been proven to be a powerful tool for the study of vacancy-type defects in semiconductors. 24 When positrons are emitted into materials, they will first lose their energy ͑thermalization͒ in a few picoseconds, then diffuse inside the lattice. If there are vacancy-type defects within the range of positron diffusion length, positron will be trapped by these vacancies. Due to the reduced electron density and lower probability of positron annihilating with high momentum core electrons, the annihilation characteristics of positrons at defects will be different from the delocalized bulk state: the positron lifetime will become longer and the Doppler broadening of annihilation radiation will be narrower. Therefore, by measuring such positron annihilation characteristics, we can get detailed information about defects. Up to now, several works have been conducted on the study of defects in ZnO by PAS. [25] [26] [27] [28] [29] [30] [31] [32] [33] Except for defects in the as-grown state, they can also be introduced by many other ways, such as irradiation or plastic deformation. High energy electron irradiation is one of the effective ways to introduce simple and number controllable defects. This will help us study defects and their thermal stability in more detail. On the other hand, study of radiation-induced defects is also important for the space application of ZnO, because these defects play an important role in the degradation of devices used in the space environment. A full understanding of the resistance to radiation is thus necessary before its space application. Nevertheless, the study of radiation effect in ZnO using PAS is still very scarce 25, 27, 30, 31 and far to be comprehensive. In this paper, we studied the vacancy defects introduced by 3 MeV electron irradiation in ZnO single crystals and investigated their thermal recovery process using positron annihilation, Raman scattering, and cathodoluminescence measurements.
II. EXPERIMENT
ZnO samples are hydrothermal grown single crystals purchased from the Scientific Production Company ͑SPC Goodwill͒. They are undoped n type with ͑0001͒ orientation. Two series of sample are used in this work, which are purchased at different times. The first series ͑sample A͒ was annealed from room temperature up to 1000°C. No electron irradiation experiment was conducted for these samples. The second series is further divided into two categories according to different treatments. One sample ͑sample B͒ was annealed at 1000°C before electron irradiation, and another sample ͑sample C͒ was directly irradiated with electrons without preannealing. Annealing was performed in N 2 or O 2 atmosphere for a period of 2 h. Electron irradiation was performed at room temperature using a dynamitron accelerator. The samples were irradiated on Zn face. The incident energy of electrons was 3 MeV and the average fluence rate was 4.5ϫ 10 13 cm −2 s −1 . The total electron dose was 5.5 ϫ 10 18 cm −2 . During electron irradiation, samples were cooled by a water cooling system, and the temperature was kept below 70°C. The irradiated samples were annealed from 100 to 700°C in nitrogen ambient. Each annealing time was 30 min.
Positron lifetime measurement was performed using a fast-fast coincidence system with time resolution of about 210 ps. Conventional Doppler broadening spectra were measured using a high purity ͑HP͒-Ge detector with energy resolution of about 1.3 keV at 511 keV. The Doppler spectra are characterized by the S and W parameters, which are defined as the ratio of the central region ͑511± 0.85 keV͒ and wing region ͑511± 3.4 to 511± 6.8 keV͒ to the total area of the 511 keV annihilation peak, respectively. In this work, the S and W parameters were normalized to the defect-free bulk value. Therefore, S Ͼ 1 or W Ͻ 1 means existence of vacancy defects. Coincidence Doppler broadening measurements were performed using two HP-Ge detectors. The 22 Na positron source was sandwiched between two pieces of identical sample for measurements. Temperature dependent measurements were carried out by mounting the source-sample sandwich to the cold finger of a He-cycling refrigerator. The temperature range is from 5 to 295 K. The positron source intensity was about 10 Ci for room temperature measurement and about 30 Ci for low temperature measurement, respectively.
CL was measured at room temperature using a modified scanning electron microscope ͑TOPCON DS-130͒. 34 A monochromator with grating of 100 lines/ mm ͑Jobin Yvon HR320͒ and a charge-coupled device were used for the detection of spectra. The electron beam energy was 5 keV and beam current was about 1 nA. The acquisition time for each measurement was 5 s. Micro-Raman-scattering measurements were performed using the Nanofinder spectrometer. The 488.0 nm line of an Ar + -ion laser was used for excitation. The incident laser power was ϳ1 mW and the measurement time for each spectrum was 60 s. All the above measurements were repeated at least one time to ensure reproducibility of the data.
III. RESULTS AND DISCUSSION

A. Grown-in defects in ZnO
In this paper, we studied three ZnO samples which have different properties and are subjected to different treatments. The sample treatments and measured positron lifetime data for the three samples are listed in Table I . The positron lifetime spectra are analyzed by PATFIT program. 35 In all the three as-grown samples, decomposition of positron lifetime spectra shows only one lifetime component. In the first sample ͑sample A͒, the positron lifetime is about 189 ps, while in samples B and C, the positron has the same lifetime value, i.e., 183 ps. The only one lifetime component does not mean that there are no defects that trap positrons. Obviously, a higher positron lifetime in sample A suggests the existence of vacancy defects. Figure 1 shows the variation of positron lifetime with annealing temperature in sample A. The positron lifetime has no change up to annealing temperature of 400°C. However, above 400°C, it begins to decrease, drops to about 181 ps at 600°C, and then remains nearly constant up to 1000°C. The Doppler broadening S parameter shows similar change as shown in Fig. 1 . Another as-grown sample A was annealed in O 2 ambient at 900°C, and the positron lifetime also decreases to about 181 ps. For sample B, after annealing at 1000°C in N 2 , the positron lifetime shows no change ͑Table I͒. These results confirm that sample A contains vacancytype defects that trap positrons, and they can be removed after annealing above 600°C. The value of 182± 1 ps might be the positron bulk lifetime. Figure 2 shows the positron lifetime and S parameter as a function of temperature from 5 to 300 K measured for sample A before and after annealing. For the as-grown sample, the positron lifetime or S parameter shows notable temperature dependence. The positron lifetime decreases to about 180 ps at ϳ5 K. However, after annealing at 900°C, such temperature dependence is greatly reduced, and the positron lifetime shows only about 2 ps decrease, which might be attributed to lattice thermal expansion effect.
The temperature behavior exhibited in as-grown sample A is generally explained by the competitive positron trapping by negative ions at low temperatures. 36 As the positron binding energy of these negative ions is rather small ͑Ͻ100 meV͒, they are called shallow positron traps. The positron annihilation characteristics at these centers are very close to the bulk state. With increasing temperature, positrons are detrapped from these centers and shift to vacancytype defects. Therefore, the positron lifetime or S parameter increases.
However, another possible reason for such temperature behavior cannot be excluded, i.e., the change of the positron trapping rate with temperature. By supposing that the thermally activated trapping of positrons is analog to the capture of free carriers through multiphonon emission, 37-39 the positron trapping rate will increase with temperature. Therefore, detailed fundamental studies are still needed to find out the underlying mechanism for such temperature behavior.
In any case, the temperature dependence of positron annihilation parameter ͑lifetime or S parameter͒ appears only in the existence of positron trapping by vacancy defects. Without vacancy trapping centers to compete with, the shallow traps cannot be observed. Therefore, the disappearance of temperature dependence after annealing sample A at 900°C confirms that all the vacancies are annealed out, and positron bulk lifetime in the hydrothermally grown ZnO sample is about 182± 1 ps.
The origin of the positron trapping centers in as-grown sample A might be V Zn -related defects, as V O is not an effective positron trap. 30 In hydrothermally grown ZnO crystals, hydrogen is easily incorporated into the sample during growth. These hydrogen atoms may fill the zinc vacancy site and form complexes as suggested by Lavrov et al. 40 The positron lifetime in V Zn will then be reduced due to the occupation of hydrogen and become closer to the positron bulk lifetime in ZnO. This may explain why the defect lifetime component cannot be resolved from the lifetime spectrum. However, the hydrogen will become unstable at high temperatures and desorption of hydrogen occurs when annealing the ZnO sample at around 500-700°C. 41, 42 This will restore the open space of V Zn and cause an increase of positron lifetime. However, in our ZnO sample, we observed a decrease of positron lifetime after annealing. This reveals that the defects are not hydrogen-vacancy complexes. The concentration of V Zn may be too low, so that the defect related positron lifetime cannot be resolved. 
B. Electron-irradiation-induced defects and their thermal evolution
Samples B and C have the same positron lifetime of 183 ps in the as-grown state, which is close to the lifetime value of annealed sample A. The annealing of sample B does not cause any change of positron lifetime ͑Table I͒. So, we believe that no or very few vacancy defects exist in these two samples which trap positrons. After electron irradiation with a dose of 5.5ϫ 10 18 cm −2 , the average positron lifetime increases up to about 212 and 210 ps for samples B and C, respectively. The Doppler broadening S parameter also increases to about 1.016 and 1.012 ͑Figs. 3 and 4͒. This means that vacancy-type defects are introduced by electron irradiation. After irradiation, we can decompose the lifetime spectra into two components, and 2 corresponds to positron lifetime at vacancy defects, which is about 230 ps. This value is in agreement with that reported by Tuomisto et al. 30 As the ratio of 2 / b is around 1.26, this corresponds to positron lifetime at monovacancies.
In ZnO, both V Zn and V O may be introduced after electron irradiation. However, as described above, V O might be less possible to be positron trapping centers. Therefore, the vacancies observed by positrons in the electron-irradiated ZnO are also V Zn -related defects. The positron trapping rate was calculated according to the two state trapping model: 31 The two electron-irradiated samples are subjected to annealing up to 700°C. The change of average positron lifetime and S parameter after annealing is shown in Figs. 3 and  4 . The annealing behavior is nearly the same for these two samples. A fast decrease of both positron lifetime and S parameter is seen below 200°C. After that, both of them begin to increase and reach a maximum value at 350-400°C. Above 400°C, the positron lifetime and S parameter decrease again and approach the bulk value at 700°C.
The decrease of positron lifetime and S parameter below 200°C is attributed to the recombination of V Zn -Zn i close Frenkel pairs. Tomiyama et al. 25 observed similar annealing stage for the 28 MeV electron-irradiated ZnO, which was around 150-200°C. This was in agreement with our result. They attributed this annealing stage to the recovery of irradiation induced oxygen vacancies, but that is not likely, as oxygen vacancies cannot be detected by positrons. On the other hand, oxygen vacancy may remain stable up to 400°C. 43 The same annealing stage at 50-150°C was also observed by Brunner et al. 27 in the 2 MeV electronirradiated ZnO, and it was attributed to the annealing of Zn monovacancies.
As for the abnormal increase of the positron lifetime after annealing at 350-400°C, there are two possible reasons. One reason might be the shift of the Fermi level to a higher value after annealing of the irradiated sample; therefore, the vacancy defects become more negatively charged, which leads to an increase of positron trapping rate. In order to check such possibility, we measured the electrical conductivity of the irradiated sample after annealing by Hall effect. The results are listed in Table II . The resistivity of the sample before electron irradiation is about 250 ⍀ cm, but it becomes semi-insulating after irradiation. Even after 400°C annealing, it still keeps high resistivity. Only after annealing at 600°C, the resistivity recovers to that of the unirradiated state, i.e., 275 ⍀ cm. This means that the Fermi level does not move after annealing up to 400°C, which is pinned at around the midgap position. Therefore, the increase of positron lifetime is not due to the shift of the Fermi level. By excluding the possibility of the Fermi level movement, the second reason for the increase of positron lifetime after annealing at 400°C would be the introduction of some additional open volume defects. These defects might be formed due to defect reaction at high temperatures. Nevertheless, we do not observe much change of the defect lifetime 2 after formation of the secondary defects. However, this does not mean that the secondary defect is still V Zn . After annealing at 400°C, the defect concentration is largely reduced, so the decomposition of positron lifetime spectrum is not reliable. Even if the positron lifetime for the secondary defect is different from that of V Zn , we cannot get its accurate value. On the other hand, the secondary defects might be V Zn -impurity complexes, which have positron lifetime close to that of V Zn . Brunner et al. 27 also observed an increase of positron lifetime and S parameter after annealing the electron irradiated ZnO at around 300°C, and they believe that it is due to agglomeration of nonannealed defects to more stable complexes, such as V Zn -donor complex. 27 A detailed analysis of the correlation between S and W parameters from the Doppler broadening measurements gives us more complementary information about the defect evolution that occurred during annealing. Figure 5 shows the S-W plot obtained from the annealing measurements for electron-irradiated samples B and C. In the annealing process, the S-W data are concentrated on two different lines, which correspond to two different types of defects, i.e., the electron-irradiation-induced V Zn ͑defect 1͒ and the annealing produced secondary defects ͑defect 2͒. It is interesting to note that in samples B and C, the S-W data are concentrated on the two same lines. Therefore, this confirms that annealing at 350-400°C produces additional vacancy defects which are different from V Zn introduced by irradiation.
To further identify the difference between the irradiationinduced V Zn and the thermally generated secondary defects, we also conducted the coincidence Doppler broadening measurements for electron-irradiated sample C. The peak to background ratio of the measured spectrum is higher than 10 5 . The ratio curves are shown in Fig. 6 . The reference sample is unirradiated sample C. It is clear to see that the ratio curves at the low momentum region for the asirradiated and 400°C annealed sample are nearly the same; thus, the S parameter has nearly the same value as seen in Figs. 3 and 4 . However, the high momentum region shows much difference. After 400°C annealing, the center of the valley in the high momentum region shifted from ϳ20ϫ 10 −3 m 0 c to lower than 10ϫ 10 −3 m 0 c, and becomes much smaller. This coincides with the higher W parameter after annealing, indicating different defect species.
After annealing above 400°C, the positron lifetime and S parameter show a decrease again. It can be inferred that the remaining V Zn are removed in this stage through migration into sinks. The secondary defects created at around 400°C also become unstable and are annealed out at 700°C as both positron lifetime and S parameter decrease to the bulk value.
We measured temperature dependence of the positron lifetime and Doppler broadening spectra for the irradiated sample B before and after annealing. The result is shown in Fig. 7 . For the asirradiated sample, the average positron lifetime first remains nearly constant below 100 K, and then 6 . Ratio curve of the Doppler broadening spectrum of electron-irradiated ZnO sample C before and after annealing measured using a coincidence Doppler broadening spectrometer. The reference sample is the unirradiated ZnO sample C. starts to increase with temperature. Afterward, it tends to be saturated above 250 K. The S parameter shows similar temperature behavior. These results suggest that the positron trapping by vacancy defects is temperature dependent, possibly due to the trapping by shallow positron traps at low temperatures. The negatively charged antisites or interstitials like O Zn and O i which are produced by irradiation might act as such shallow traps.
After annealing the irradiated sample at 400°C, where we observe the production of secondary defects, the temperature dependence of positron lifetime and S parameter is, however, quite different from that of the asirradiated sample. There is an increase of positron lifetime at around 100-180 K when the temperature decreases. The S parameter also shows similar change at this temperature range. This means that positron trapping by the secondary defects is enhanced below 180 K, or the secondary defects undergo a charge state transition and become more negatively charged at lower temperatures, which causes an increase of positron lifetime. Below 100 K, the negative ions begin to compete with deep traps, and positron lifetime shows a decrease. We repeat the same temperature dependence measurement for the irradiated sample C after annealing at 400°C, and observed quite similar result, which is shown in Fig. 8 . Therefore, from the temperature dependence of the positron annihilation parameters, it suggests again that the defects created after annealing at 400°C are different from the irradiationinduced V Zn .
After annealing the irradiated sample at 700°C, both positron lifetime and S parameter show very slight increase or nearly no change with temperature ͑Fig. 7͒. This confirms that all the vacancy defects have been removed by annealing.
At present, we cannot clarify the species of the secondary defects. In order to understand more deeply the thermal evolution of the electron-irradiation-induced defects, we also performed Raman scattering measurements. Figure 9 shows the Raman spectra for the electron-irradiated ZnO ͑sample B͒ before and after annealing. The detailed assignment of the Raman peaks in ZnO can be found in many literature 44, 45 and also our previous paper. 42 The primary peak at 437 cm −1 is the high frequency E 2 phonon mode, which represents the wurtzite structure of ZnO. The peak at 331 cm −1 is due to the second order phonon. After electron irradiation, a broad peak at 575 cm −1 appears. This broad peak is obviously induced by the defects produced by electron irradiation because of the relaxation of the Raman selection rules. 44 After annealing up to 200°C, the broad peak at 575 cm −1 shows very small decrease. This indicates that the defects are stable at least up to 200°C. After 300°C annealing, such peak becomes much weaker, and at 400°C, it decreases to the same level as that of the as-grown sample. Figure 10 shows the ratio of the integrated intensity of the broad peak at 575 cm −1 to the sum of the 575 and 437 cm −1 peaks. It is clear that the broad peak intensity begins to decrease at 300°C and reaches the value of the as-grown sample at 400°C. As the positron annihilation measurements show that most of the V Zn -related defects disappear at temperatures below 200°C, the broad Raman peak is apparently not related to V Zn . This means that the defect is invisible to positrons. The broad peak at 575 cm −1 has been suggested to be related to oxygen vacancies or zinc interstitials by many researchers, [46] [47] [48] as they found that such broad peak will be enhanced in an oxygen deficient condition.
The Raman measurements show that the 575 cm −1 peak begins to recover above 200°C and disappears at around 400°C. This is in good agreement with the result that the oxygen vacancies are annealed at 400°C in electronirradiated ZnO measured by Vlasenko and Watkins. 43 Therefore, the possible candidate for this defect would be oxygen vacancy. The annealing behavior shows that V O becomes mobile at 200-400°C, which coincides with the temperature for the production of secondary defects. Thus, we may assume that while some of the V O disappear through recombination with their interstitials or migration into sinks, many of them might also take part in the following defect reactions:
Therefore, formation of V Zn −Zn O complexes or agglomeration of V Zn into divacancies is the possible candidate for the secondary defects, which result in the increase of positron lifetime and S parameter after annealing at 350-400°C. However, further experiments and theoretical calculations are still needed to confirm such speculation.
C. Correlation between defects and luminescence centers
The cathodoluminescence spectra measured for sample A in the as-grown state and after annealing at 900°C are shown in Fig. 11 . In the as-grown sample, there is only one weak peak at about 3.3 eV. This is the ultraviolet ͑UV͒ emission due to the recombination of free excitons. The rather weak UV emission indicates that a large number of nonradiative recombination centers exist in the as-grown ZnO sample. These nonradiative recombination centers are most probably grown-in defects, which suppress both UV and deep level ͑visible͒ emission.
After annealing sample A in N 2 at 900°C, the UV emission peak is strongly enhanced. The peak height increases by almost 20 times. The visible emission also appears, which is located at around 2.3 eV. This emission obviously originates from the deep level defects. When sample A is annealed in O 2 ambient, both UV and visible emission also show increase. However, the UV emission is much lower compared with the N 2 annealed one, while the visible emission is stronger. This indicates that annealing atmosphere has some influence on the formation of deep level defects. Figure 12 presents the CL spectra measured for ZnO sample C before and after electron irradiation and annealing. For the as-grown sample, the UV and visible emission intensities are higher than those of sample A. After irradiation, the UV emission peak is weakened, while the deep level emission shows an increase. Annealing of the irradiated sample up to 300°C causes a gradual recovery of the light emission. However, after annealing at 400°C, the visible emission at ϳ2.3 eV shows abrupt increase. This reveals again that defect reaction really happened during annealing, which results in the formation of secondary vacancy defects at around 400°C. The visible emission becomes even stronger after annealing at 700-800°C, and thereby the UV emission becomes much weaker. Combining the positron annihilation and cathodoluminescence results, we can find that there is no correlation between the deep level emission and zinc vacancy. In the as-grown sample A, the deep level emission is too weak to be seen in the spectrum. It becomes much stronger after annealing at 900°C. Contrarily, the positron measurements show the reduction of V Zn after annealing. In the as-grown ZnO sample C, which has nearly no positron trapping by V Zn , however, the deep level emission is stronger than that of sample A. Furthermore, in the electron-irradiated ZnO ͑for example, sample C͒, the annealing process of deep level emission is also different from that of V Zn . Thus, V Zn is not related to the deep level emission at 2.3 eV in ZnO. This defect would rather be responsible for the nonradiative recombination centers. When these defects exist in ZnO, both the UV and visible emission will be suppressed. Thus, we can explain the weak CL signal in as-grown sample A, the enhancement after annealing, and also the stronger CL signal in as-grown sample C. In the electron-irradiated sample C, though the irradiation introduces nonradiative recombination centers, deep level emission centers are also introduced; thus, the UV emission is weakened, but the visible emission is enhanced.
As for the candidates for the deep level emission centers, our results may provide some suggestions. When the asgrown ZnO sample was annealed in O 2 ambient, the formation of deep level centers is favored. This suggests that the deep level defects might be associated with oxygen, for example, the antisite O Zn as suggested by Lin et al., 20 or interstitial O i . These defects are easier to be formed during annealing in O 2 atmosphere. Tuomisto et al. also found that the negative-ion-type defects such as O i or O Zn had ionization levels close to 2.3 eV, and thus are possibly involved in the green luminescence.
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IV. CONCLUSION
Defects in the as-grown and electron-irradiated ZnO crystals were studied by positron annihilation spectroscopy. The grown-in defects in ZnO seen by positron are V Zn -related defects and can be removed by annealing above 600°C. Electron irradiation also introduces V Zn in ZnO. Annealing below 200°C causes partial recovery of these vacancies. However, after annealing at around 400°C, additional vacancy defects are produced. The S-W correlation and coincidence Doppler broadening study reveals that these two vacancy defects are not the same category. All the vacancy defects are annealed out at around 700°C. The zinc vacancy in ZnO is found to be not related to the deep level emission at 2.3 eV, but would rather be responsible for the nonradiative recombination centers. 
